Abstract Several studies have examined levels of proinflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6. This meta-analysis was conducted to examine the association between obsessive-compulsive disorder (OCD) and plasma serum levels of proinflammatory cytokines. Twelve studies met inclusion criteria. The meta-analysis demonstrated a significant reduction in IL-1β levels in OCD. No significant difference in plasma levels of IL-6 or TNF-α was demonstrated. Stratified subgroup analysis revealed possible moderating effects of age and medication use on IL-6 levels. Studies including children on psychotropic medication had lower plasma IL-6 levels. Stratified subgroup analysis revealed a moderating effect of comorbid depression on TNF-α levels. Elevated TNF-α levels were reported in studies that included individuals with comorbid depression. Future studies examining immune function in OCD should adjust for potential confounding due to medication use and comorbid depression. Further studies assessing cerebrospinal fluid cytokine levels in OCD are also needed.
Introduction
Obsessive-compulsive disorder (OCD) is a psychiatric illness with a lifetime prevalence of 1.6 % to 2.3 % in the general adult population [1] [2] [3] . The DSM-IV defines OCD as the presence of either obsessions or compulsions that cause significant distress; consume more than 1 h/d; or interfere with normal functioning at work, home, social activities, or personal relationships [4] . The National Comorbidity Survey Replication reported an average age at onset in OCD patients of 19.5 years, with males experiencing a significantly younger age at onset than females [2] . The prevalence of comorbid lifetime DSM-IV disorders among adult patients with OCD is 90 % [2] . The most common comorbidities in OCD patients are anxiety disorders (75.8 %), mood disorders (63.3 %), and impulse control disorders (55.9 %) [2] .
Immune dysregulation has been hypothesized to be important in the development and pathophysiology of OCD. Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcal infections (PANDAS) is a controversial potential subgroup of patients with OCD and tic disorders characterized by the presence of neurological abnormalities and prepubertal onset that is temporally related to a group A streptococcal infection [5•, 6, 7] . PANDAS is conceptually similar to Sydenham chorea, a movement disorder characterized by choreatic movement and emotional lability that develops after acute rheumatic fever [5•, 8] . Sydenham chorea is the most common acquired childhood chorea and is often associated with obsessive-compulsive symptoms [5•] . Data supporting PANDAS as a diagnostic entity include case reports describing a potential temporal link between group A streptococcal infection and exacerbation of OCD symptoms, the improvement of OCD symptoms in patients treated with plasmapheresis or intravenous immunoglobulin therapy, identification of antibasal ganglia antibodies in OCD patients, and neuroimaging studies that seem to support PANDAS [6, 9•] . Despite this evidence, significant controversy regarding PANDAS remains [10] . The criteria for diagnosis remain to be validated, and evidence for autoimmunity is weak, as demonstrated by a recent study that failed to demonstrate changes in markers of brain autoimmunity in clinical exacerbations of OCD in children diagnosed with PANDAS [5•, 11] . Another recent study has shown that 85 % of OCD exacerbations in patients meeting PANDAS criteria were not related to group A streptococcal infection [11] . Although it is clear that many of the findings supporting PANDAS need to be replicated, the immune markers for and pathogenesis of this clinical entity have been postulated to be important by many respected investigators, and therefore warrant close attention.
A role for immune-mediated pathophysiology has emerged in other psychiatric conditions, including major depression [12•, 13-15] and schizophrenia [16] [17] [18] [19] , in which many studies have evaluated the link between plasma levels of proinflammatory cytokines and disease. Metaanalysis has shown that proinflammatory cytokines, including tumor necrosis factor (TNF)-α and interleukin (IL)-6, are elevated in depressed patients relative to controls, and that the levels of some inflammatory cytokines, such as IL-1β and possibly IL-6, are reduced in patients successfully treated with antidepressant medication [12•, 20•] . Metaanalysis of inflammatory cytokines in schizophrenia has shown that in vivo circulating IL-6, IL-1RA, and sIL-2R are elevated, supporting a role for inflammation and immune dysregulation in schizophrenia, although there were no significant changes in levels of circulating IL-1β and TNF-α [19] . Levels of plasma cytokines have also been investigated in OCD patients, although no systemic review of this literature exists to date.
Cytokines are small soluble proteins secreted by cells to influence the behavior of other cells, specifically including the regulation of cellular immunity and the inflammatory response [21, 22] . Together, IL-1β, IL-6, and TNF-α are often viewed as proinflammatory or alarm cytokines, commonly being induced together. These cytokines are produced both peripherally and in the central nervous system (CNS), typically by microglia [23] . TNF-α stimulates vagal afferents and is produced by neurons and glial cells in an activity-dependent manner [24, 25] . IL-6 and IL-1 are also produced in the brain, where they mediate neuroinflammation and response to injury [23, 24, 26] . Interestingly, IL-1β, IL-6, and TNF-α also mediate neuroprotection to excitotoxicity [27] . Because of their role in the CNS, these cytokines have been the subject of much investigation in psychiatric disease [24] .
IL-6, discovered in the 1980s as a lymphocyte-derived signal for B-cell maturation, functions as both a pro-and anti-inflammatory cytokine and has been implicated in a variety of inflammatory and autoimmune disorders [28] [29] [30] . IL-6 is a 184-amino acid cytokine produced by both immune cells, including macrophages, B cells, and T cells, and nonimmune cells, such as endothelial cells and fibroblasts, in response to homeostatic disturbances such as infection and injury [30, 31] . IL-6 is a critical cytokine for the differentiation and growth of T and B cells [32, 33] . As a proinflammatory cytokine, IL-6 is important in neuroinflammation, the brain-specific activation of microglia and astrocytes that accompanies neurodegenerative disorders [29] . Like other proinflammatory cytokines, including TNF-α and IL-1β, IL-6 induces the acute-phase reaction, the body's systemic anti-inflammatory response to local inflammation designed to limit tissue damage and prevent inflammation at uninvolved, distant organs [34] . The acutephase reaction consists of fever, the production of acutephase proteins such as protease inhibitors by the liver, and systemic release of corticosterone [31] . Despite being viewed classically as a proinflammatory cytokine, IL-6 has also been shown to inhibit neutrophil accumulation and functions to block the actions of IL-1β and TNF-α in vitro [29, 35] . In this manner, IL-6 functions to feedback on other proinflammatory cytokines to control the local and systemic inflammatory response [31] . Interestingly, IL-6 protects against excitotoxicity in the brain and is capable of reversing the neurotoxic effects of many drugs [29] .
IL-1β is a 153-amino acid cytokine produced by activated blood monocytes and tissue macrophages such as microglia that affects most cell types and promotes inflammation by indirectly promoting lymphocyte function and activating macrophages [36, 37] . IL-1β upregulates endothelial cell expression of the adhesion molecules VCAM-1 and ICAM-1, which bind to leukocyte integrins and promote infiltration of inflammatory cells into tissue [36, 38, 39] . IL-1β induces expression of inflammatory mediators such as COX-2 and iNOS, increases circulating neutrophils through the IL-17-driven T-helper type 17 (Th17) response, induces fever, and is a potent stimulator of IL-6 production by endothelial cells [36, 40] . IL-1β is also important for Tcell-dependent antibody production, possibly through IL-1β induction of IL-6 production, and may contribute to stimulating Th2 cell-mediated immune responses, as demonstrated in a murine model of asthma [41, 42] . These many and diverse proinflammatory functions of IL-1β demonstrate its critical role in the inflammatory response and host defense against pathogens. However, similar to IL-6, IL-1β has an important role in mediating the anti-inflammatory response, most notably through stimulation of the acutephase reaction [34] .
TNF-α is a 157-amino acid cytokine produced by macrophages, natural killer cells, and T cells that was first identified in the late-1960s and early-1970s as a factor that induces apoptosis of tumor cells [21, 43] . First synthesized as a monomeric transmembrane protein, TNF-α is later cleaved by a matrix metalloprotease to its soluble form [44] . Since its early identification and characterization, TNF-α has emerged as a potent proinflammatory cytokine responsible for mediating protective and pathological processes through its role in the activation of vascular endothelium, recruitment of immune cells, and mediation of apoptosis [45] . In response to local infection, macrophages secrete TNF-α, leading to recruitment of phagocytes and lymphocytes to infected tissue, increased expression of cell-adhesion molecules on endothelial cells, and increased vascular permeability to proteins and cells [21, 45, 46] . Though TNF-α is protective in local infection, systemic release of TNF-α by activated macrophages of the liver and spleen in response to sepsis causes shock, disseminated intravascular coagulation, and ultimately multiorgan failure. In response to injury, TNF-α production is increased in the brain, where it may act with nitric oxide to regulate the bloodbrain barrier [44] . Besides its role in endothelial activation and phagocytosis, TNF-α mediates activation of the adaptive immune system by stimulating dendritic cell (DC) migration to regional lymph nodes, where DCs mature and present antigen to lymphocytes [21] . Like other proinflammatory cytokines, TNF-α stimulates its own production and that of IL-1β [45] .
The goal of this systematic review is to examine cytokine abnormalities in OCD. We specifically conduct a metaanalysis to examine the association between plasma serum proinflammatory cytokine levels and OCD. We specifically focus on the proinflammatory cytokines IL-1β, IL-6, and TNF-α, which have been well studied in OCD. Through stratified secondary analysis, we analyze the potential moderating effects of medication use, comorbid depression,and patient age on cytokine levels in OCD. Additionally, we systematically review studies that have examined proinflammatory cytokine levels in the cerebrospinal fluid (CSF) and lipopolysaccharide (LPS)-induced lymphocyte cytokine production in OCD.
Methods

Search Strategy and Inclusion Criteria
PubMed was searched by two reviewers (SMG, MHB) for relevant citations using the search terms "cytokines" AND "obsessive-compulsive disorder." The bibliography of review articles and included articles were also searched for additional eligible citations. Authors of some articles were contacted for missing information when necessary. There were no limitations based on the language of publication. Studies were included in this meta-analysis if they measured cytokine levels or cytokine production in OCD patients compared with controls.
Meta-Analysis Procedure
To extract data from included articles, we used Excel spreadsheets. Data extracted included number of OCD subjects and controls, average age of subjects, source of cytokine measure (blood, CSF, or LPS-induced lymphocyte cytokine production), measures of proinflammatory cytokines (mean and SD), and whether subjects on medications or with comorbid depression were included or excluded from the sample. We stratified trials based on the source of cytokine measures-plasma, CSF and LPS-induced cytokine production. Because of the relative paucity of studies examining CSF cytokine levels and LPS-induced lymphocyte cytokine production, we did not conduct meta-analysis in these data and instead only present a systematic review of these studies. By contrast, we were able to conduct a metaanalysis comparing plasma serum levels of proinflammatory cytokines IL-1β, IL-6, and TNF-α in OCD subjects compared with controls.
Our main outcome was the difference in proinflammatory cytokine levels between OCD subjects and controls. We chose standardized mean differences (SMDs) as our summary measures because absolute measures of cytokines are highly variable between laboratories and can suffer from batch effects. SMD allowed us to place results on a common metric. Meta-analytic results were computed using a fixedeffects model in Comprehensive Meta-Analysis version 2 Comprehensive Meta-Analysis (Version 2) (Biostat, Englewood, NJ). We conducted a sensitivity analysis to examine our decision to use a random-effects rather than fixed-effects model for meta-analysis.
Due to the small number of studies included in this metaanalysis, we were unable to test for publication bias. Heterogeneity between trials was assessed using I 2 test in CMA as well as the χ 2 test for heterogeneity. We considered there to be evidence of possible heterogeneity between trials when the I 2 was greater than 30 % or the P value for the χ 2 test for heterogeneity was less than 0.1. We conducted additional stratified subgroup analyses to examine possible sources of heterogeneity. Stratified subgroup analyses were done to examine the effects of (1) age of subjects (child vs adult), and inclusion or exclusion of subjects with (2) comorbid depression or taking (3) psychoactive medications. We stratified studies as adult or child based on whether the average age of subjects was greater or less than 18 years in studies. It should be noted that no included studies had an average age of subjects between 15 and 33 years of age. We used the test for subgroup differences in CMA to determine whether subgroups reduced overall heterogeneity [47] . We set P<0.05 as our threshold for statistical significance for all primary and stratified subgroup analyses.
Results
Our PubMed search identified 14 articles, 12 of which met the inclusion criteria for our review [24, [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . Two studies were excluded because they did not use controls [56, 60] . The characteristics of included trials are shown in Table 1 . Seven studies involving 169 OCD subjects and 215 controls examined plasma levels of proinflammatory cytokines. Six studies examined plasma levels of TNF-α, four studies examined plasma levels of IL-1β, and five studies examined serum levels of IL-6. Additionally, one included study examined CSF levels of proinflammatory cytokines, and four studies examined LPS-induced lymphocyte cytokine production.
Interleukin-1β
Four studies involving 77 OCD subjects and 76 controls measured IL-1β levels in plasma serum. Meta-analysis demonstrated a significant reduction in IL-1β plasma levels in OCD subjects compared with controls (SMD, −0.60 [95 % CI, −0.93 to −0.28]; z0−3.6; P<0.001). Figure 1 depicts a forest plot of included trials. There was no evidence of heterogeneity between trials (χ 2 01.6; df03; P00.66; I 2 00). Using a random-effects model rather than a fixed-effects model for meta-analysis did not affect the results of the overall meta-analysis. We did not conduct stratified subgroup analysis for this outcome, as there was no evidence of heterogeneity between trials.
One study involving 11 OCD subjects and 11 controls measured in vitro production of IL-1β by peripheral blood mononuclear cells (PBMCs) isolated from heparinized venous blood [54] . The PBMCs were stimulated with 10 μg/ mL of LPS and incubated for 24 hours [54] . Cytokine levels were assayed by radioimmunoassay (Advanced Magnetic, Cambridge, MA). IL-1β production by PBMC was not statistically significantly different between OCD patients and control subjects (P00.09) [54] .
No studies have investigated IL-1β levels in the CSF of patients with OCD.
Interleukin-6
Five studies involving 109 OCD subjects and 111 controls measured IL-6 levels in plasma serum. Meta-analysis failed to demonstrate a significant association between IL-6 plasma levels and OCD (SMD, 0.15 [95 % CI, -0.12-0.41]; z0 1.1; P 00.28). There remained no association when a random-effects model (SMD, 0.14 [95 % CI, -0.20-0.49]; z00.8; P00.42) was used instead of a fixed-effects model for meta-analysis. There was a large degree of heterogeneity between trials that failed to reach statistical significance (χ 2 06.2; df04; P00.18; I 2 036 %). In stratified subgroup analysis, there was a significant moderating effect of subject age and inclusion of subjects with current medication use on the association between IL-6 levels and OCD (χ 2 test for subgroup differences 0 5.2; df01; P00.02). Studies involving children and those that included subjects on psychoactive medication (SMD, Figure 2 depicts a forest plot of IL-6 levels in OCD subjects stratified by subject age group and medication use. We were not able to disentangle the effects of medication use and subject age in studies measuring IL-6, as there were no studies in children that did not allow medication use and no studies in adults that included subjects on medications. Inclusion of subjects with comorbid depression did not significantly affect the relationship between serum IL-6 levels and OCD (χ 2 test for subgroup differences 0 0.04; df01; P00.85).
Three studies measured baseline ex vivo production of IL-6 in whole blood cultures of OCD patients and control subjects [55, 57, 58] . Heparinized venous blood was collected, diluted, stimulated with 2 ng/mL of Escherichia coli 0127:B8 LPS, and incubated for 24 hours [55, 57, 58] . Cytokine levels were assayed by ELISA (CLB, Amsterdam). In a study of 50 OCD patients and 25 healthy controls, investigators found a decrease in IL-6 production (P0 0.004) in OCD patients relative to controls that failed to reach statistical significance when adopting the Bonferroni correction (significance level set at P00.0034 when adopting the Bonferroni correction) [55] . In a study of 10 OCD patients and 10 healthy controls, investigators found no statistically significant difference for IL-6 production between OCD patients and control subjects [58] . In a study of 26 OCD patients and 26 healthy controls, IL-6 production was statistically significantly lower in OCD patients relative to controls (P00.016) [57] . Overall, these studies suggest LPS-induced lymphocyte production of IL-6 is likely decreased in subjects with OCD.
One study involving 26 OCD patients and 26 healthy controls measured levels of IL-6 in the CSF [59] . CSF was obtained by lumbar puncture, and levels of IL-6 were measured using the Quantikine high sensitivity immunoassay kit (R&D Systems, Minneapolis, MN). CSF levels of IL-6 were not statistically significantly different between OCD patients and control subjects [59] .
Tumor Necrosis Factor-α Six studies involving 150 OCD subjects and 196 controls measured TNF-α levels in plasma serum. Metaanalysis failed to demonstrate a significant association between TNF-α plasma levels and OCD (SMD, −0.14 [95 % CI, −0.37-0.08]; z 0−1.3; P 00.21). There remained no association when a random-effects model (SMD, -0.25 [95 % CI, -0.86-0.35]; z0−0.8; P00.41) was used instead of a fixed-effects model for metaanalysis. There was a large and statistically significant degree of heterogeneity between trials (χ 2 035.0; df05; P < 0.001; I 2 086 %). In stratified subgroup analysis, there was a significant moderating effect of inclusion of subjects with comorbid depression on the association between TNF-α levels and OCD (χ 2 test for subgroup differences 0 20.4; df01; P<0.001). Studies that included subjects with comorbid depression (SMD, 0.22 [95 % CI, -0.05-0.49]; z0−1.6; P00.11) demonstrated significantly higher levels of TNF-α (in reference to controls) than did studies excluding those subjects (SMD, −0.87 [95 % CI, -1.25 to −0.48]; z0−4.4; P< 0.001). Figure 3 depicts a forest plot of TNF-α levels in OCD subjects stratified by inclusion of subjects with comorbid mood disorders. Age (χ 2 test for subgroup differences 0 0.49; df01; P00.49) and medication use Fig. 2 Association between interleukin (IL)-6 plasma levels and obsessive-compulsive disorder (OCD) stratified by age and medication use. Meta-analysis failed to demonstrate a significant association between IL-6 plasma levels and OCD (standardized mean difference [SMD], 0.15 [95 % CI, -0.12-0.41]; z01.1; P00.28). There was a large degree of heterogeneity between trials that failed to reach statistical significance (χ 2 06.2; df04; P00.18; I 2 036 %). In stratified subgroup analysis, there was a significant moderating effect of subject age and inclusion of subjects with current medication use on the association between IL-6 levels and OCD (χ 2 test for subgroup differences05.2; df01; P00.02). We were not able to disentangle the possible influence of these two factors, as there were no adult studies that included subjects with current medication use and no children's studies that excluded subjects with medication use (χ 2 test for subgroup differences 0 0.49; df01; P00.49) in studies did not significantly affect the relationship between serum TNF-α levels and OCD. We were not able to disentangle the effects of medication use and subject age in studies measuring TNF-α, as there were no studies in children that did not allow medication use and no studies in adults that included subjects on medications.
Three studies measured ex vivo production of TNF-α in whole blood cultures of OCD patients and controls [55, 57, 58] . Heparinized venous blood was collected, diluted, stimulated with 2 ng/mL of E. coli 0127:B8 LPS, and incubated for 24 hours [55, 57, 58] . Cytokine levels were assayed by ELISA (CLB, Amsterdam). In a study of 50 OCD patients and 25 healthy controls, investigators found that TNF-α production was statistically significantly lower in OCD patients relative to controls (P<0.001) [55] . In a study of 10 OCD patients and 10 healthy controls, no statistically significant difference for TNF-α production between OCD patients and controls was reported [58] . In an additional study of 26 OCD patients and 26 healthy controls, no statistically significant difference for TNF-α production between OCD patients and controls (P00.13) was found [57] . No studies have investigated TNF-α levels in the CSF of patients with OCD.
Conclusions
Meta-analysis of studies measuring plasma cytokine levels demonstrated a significant reduction in IL-1β levels in OCD subjects compared with controls. In overall meta-analysis, no significant difference in plasma levels of other proinflammatory cytokines, specifically IL-6 and TNF-α, was demonstrated. However, in stratified subgroup analysis, significant moderating effects of age and inclusion of subjects with current medication use and comorbid mood disorders were demonstrated. Stratified subgroup analysis demonstrated that IL-6 levels were significantly increased in medication-free adults with OCD (in reference to controls). In contrast, IL-6 levels were significantly lower in children with OCD who were potentially taking psychoactive medication (in reference to controls). Stratified subgroup analysis also revealed that plasma levels of TNF-α in OCD patients were reported to be significantly higher (relative to controls) in studies that included subjects with comorbid depression.
Our findings highlight that importance of properly accounting for the potential confounding effects of medication use and comorbid mood disorder in patients with OCD. Approximately two thirds of adults with OCD have a lifetime history of a comorbid mood disorder. Selective serotonin reuptake inhibitor pharmacotherapy is currently the firstline pharmacologic treatment for children and adults with OCD. Meta-analysis has previously demonstrated that several proinflammatory cytokines, including TNF-α and IL-6, are elevated in depressed patients. We reported in this metaanalysis that studies that included subjects with comorbid depression reported significantly higher levels of TNF-α in OCD (compared to controls) than studies that excluded subjects with comorbid depression. Meta-analyses have also demonstrated reduction in some inflammatory cytokines, specifically IL-1β and IL-6, with antidepressant medication use in depression [12•, 20•] . We report that studies including subjects on medications reported significantly lower plasma levels of IL-6 in OCD patients than studies that required no medication use in subjects.
Systematic analysis of ex vivo cytokine production by lymphocytes was completed for IL-1β, IL-6, and TNF-α and revealed fairly few studies [54] . Three studies inconsistently reported reduced IL-6 production in OCD subjects relative to controls [55, 57, 58] . Only one study measured IL-1β production and failed to show a statistically significant difference between OCD patients and controls [54, 55, 57, 58] . Only one of three studies found that TNF-α production was significantly lower in OCD patients relative to controls. Only one study has measured CSF levels of proinflammatory cytokines in OCD subjects relative to controls, and it found no difference in IL-6 levels [59] .
Although we have found some interesting possible effects of age, mood, and medication use on cytokine levels Fig. 3 Association between tumor necrosis factor (TNF)-α plasma levels and obsessive-compulsive disorder (OCD) stratified by inclusion of subjects with comorbid depression. Meta-analysis failed to demonstrate a significant association between TNF-α plasma levels and OCD (standardized mean difference [SMD], -0.14 [95 % CI, -0.37-0.08]; z0−1.3; P00.21). There was a large and statistically significant degree of heterogeneity between trials (χ 2 035.0; df05; P<0.001; I 2 086 %). In stratified subgroup analysis, there was a significant moderating effect of inclusion of subjects with comorbid depression on the association between TNF-α levels and OCD (χ 2 test for subgroup differences 0 20.4; df01; P<0.001) in OCD patients in the examined studies, our analysis and findings are limited by several factors. First, relatively few studies for each individual cytokine existed for us to analyze, and the sample sizes were small. As such, the quality of our results is limited by the quality of the original studies we analyzed. Second, we were unable to analyze individual patient data from studies. Individual patient data would be much more powerful in assessing moderating effects of age, medication use, and depression. Third, the few number of studies on cytokine production and CSF cytokine levels prevented us from conducting a meta-analysis in this area. In light of the low number of studies, our stratified subgroup analysis must be considered exploratory. Finally, a major limitation of the included studies on cytokines levels, whether in the plasma, CSF, or produced by ex vivo lymphocytes, is their analysis of only one or two samples from each patient. Cytokine secretion is not constant throughout the day. IL-6 is known to have a biphasic secretion pattern in healthy adults, and the secretion of proinflammatory cytokines can be transiently stimulated or suppressed by many phenomena, including stress [61, 62] . In the absence of an integrated measure of cytokine levels throughout the day, the interpretation of these results is difficult.
In summary, this meta-analysis showed that overall plasma levels of IL-1β are reduced in OCD patients relative to controls, while there is no overall difference in TNF-α and IL-6 plasma levels. Additionally, moderating effects of age, mood, and medication appear to have an effect on the plasma levels of TNF-α and IL-6. Finally, the relatively few number of studies of CSF cytokine levels and ex vivo lymphocyte production of cytokines prevented us from performing a meta-analysis in the area. These limited studies suggested that IL-6 production may be decreased ex vivo in OCD, while TNF-α and IL-1β remain unchanged. Future research evaluating immune function in OCD should control for potential confounding of comorbid depression and medication use, involve larger sample sizes, and involve multiple sample collections from subjects to adjust for within-subject variation. Further studies on cytokine response to stress in OCD and measuring CSF cytokine levels in OCD would be of significant value to the field.
